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(57) Flexible ceramic sheets with enhanced strain 
tolerance for electrochemical applications such as solid 
oxide fuel cell electrolytes incorporate a surface inden- 
tation pattern providing a strain tolerance of not less 
than 0.5% in any direction in the sheet plane, being 
made from flexible green ceramic sheet comprising a 
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ceramic powder and a thermoplastic organic binder by 
heating and reshaping the green sheet to form a multi- 
directional surface corrugation pattern therein, followed 
by firing to sinter the ceramic powder to a flexible ce- 
ramic sheet having a multi-directional surface corruga- 
tion pattern. 
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Description 

[0001] This application claims the benefit of U.S. Pro- 
visional application no. 60/173,133, filed 12/27/99, n- 
titled "Solid Oxide Electrolyte, Fuel Cell Module, and s 
Method", by Heifinstine et al. \ • 

Background of the Invention 1 

[0002] " The present'invention is in the field of electro- 10 
chemical devices andmore particularly relates to flexi- - 
ble ceramic sheets for solid electrolytes and electrolyte/ 
electrode assemblies fordevices such as fuel cells. 
■■ 2 [0003] U.S.' Patent No. 5,0B9,455 describes strong, 
: thin, flexible ceramic sheets and tapes of.various com- *5 
positions, and methods for making them. As taught in 
\' U.S. Patent No; 5,273,837, such sheets can be usedto 
' provide' solid oxide electrolytes and other components- 
for f uelcells that exhibit improved resistance to thermal 
shock damage- due in part to the flexibility and high . 20 
strength of the ceramic sheets. Further, U.S. Patent No; 
5,519,191 describes the incorporation of thin ceramic 
sheets into fluid heating structures of corrugated shape 
that include' thin conductive metal layers as electrical. ■ 
heating elements. - - < , - 2 5 

[0004] Curved electrode and electrolyte designs that- - : . 
reduce the thermal stresses arising during the normal . 
operation of fuel cells are disclosed in published-PCT 
patenf application W099/44254.The use of corrugated 
planar' electrode/electrolyte sheets to control such 30 
stresses is proposed by K. Tomida et al. in "Preparation 
of Solid Electrolyte Thin ■ Films for Relaxing Thermal 
Stresses", Proceedings of the Third International Sym- : 
posium on Solid Oxide Fuel Cells, Proceedings Volume 
93-4; pages 74-81, Singhal and Iwahara, Editors; The- 35 
Electrochemical Society, Inc. (1993). 
[0005] Substantially planar -electrolyte sheets-sup-. - 
porting cathodic and anodic electrode layers have been - ■" 
proposed for use In a number of different fuel cell com ■ . . 
figurations, including configurations that may be char-; 40 
acterized as stacked fuel cell designs. In one such 
stacked design, each planar electrode/electrolyte sub- 
unit is bonded to and edge-supported by a framing man- 
ifold structure, with multiple frames and sub-units being 
stacked and electrically interconnected in parallel or se- 45 
ries to provide the fuel cell output current or voltage re- 
quired for the particular application of interest. 
[0006] In this and similarmanifolded fuel cell arrange- 
ments, even perfect thermal expansion matching of the 
electrolyte/electrode sheets to the supporting manifold so 
structure does not avoid thermal cycling stress. This is 
because the manifold structures typically have much 
higher th rmal mass than th sheets, and heat and cool 
suffici ntly more slowly than th electrolyte / electrode 
sheets that the electrolyte/electrode sheets can b put ss 
into s vere tension in many sheet directions at once re- 
gardless of the ext nt to which thermal expansion 
matching is employed. 



[Q007] Unfortunately, the known materials and de- 
signs for thin ceramic fuel cell electrolytes do not provide 
the level of thermal durability necessary to insure de- 
pendable fuel cell operation in stacked and other con- 
figurations during the extended temperatur cycling that 
cannot be avoided in normal service. In particular/prior 
art electrolytes do not provide the requisite combination 
of high multiaxial strain tolerance and high resistance to 
damage under large strains that will be needed to se- 
cure dependable long-term service in fuel cells. 

Summary of the Invention 



[0008], The present invention provides highly strain 
tolerant ceramic electrolyte layers wherein the electro- 
lyte is formed of a strong, thin ceramic sheet incorporat- 
ing a two-dimensional surface indentation pattern. For 
example, flexible ceramic sheet having a surface Inden- 
tation pattern providing a strain tolerance of not less 
than 0.5% in any direction in the sheet plane, more pref- 
erably a.strain tolerance of at least 1% in any direction 
in the sheet plane, can readily be provided by means 
hereinafter described. 

[0009] Useful indentation patterns are those that im- 
part a very high multi-axial strain tolerance to the sh et, 
within the plane of the sheet, -without introducing stress 
concentrators-that reduce sheet strength. Examples of 
■ suitable indentation patterns arethose comprising multi- 
directional corrugations.or waves, protrusions or inden- 
tations of circular, polygonal, or other cross-section, and 
other contiguous or overlapping . indentations or protru- 
sions that do not introduce sharp sheet curvature and 
do not. alter the generally planar configuration of the 
sheet. One-dimensional patterns, such as single-direc- 
tion corrugations that provide only uni-axial strain toler- 
ance, are not useful., * 
* [0010]: • The preferred indentation, patterns allow not 
; only large in-plane effective strains but also large elastic 
deformations normal to the plane of the sheet. This per- 
mits the sheets to withstand large thermal gradients and 
large thermal expansion differentials from associated 
other fuel cell components without risking electrolyte 
fracture and loss of effective current generation. 
[0011] The invention further includes a process for 
making thin , strain-tolerant ceramic sheet for electrolyte 
and electrolyte/electrode fabrication. In general th 
process involves the steps of forming a thin cohesive 
green sheet layer on a suitable fugitive support, forming 
- patterned indentations in the sheet while in the green 
state, and then consolidating the sheet with its im- 
pressed indentation pattern by sintering to remove bind- 
ers and any fugitive supports. Methods that can be used 
to impress the desired ind ntation patt rn in the gr en 
sheet include vacuum forming, pressing, roll pressing, 
embossing, or other conventional surface shaping pro- 
cedures. 

[0012] Strain tolerant electrolyte sheets produced as 
described can be employed in a variety of different fuel 
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cell configurations, but are of particular' value in planar 
stacked fuel cell designs. This is because the strain-tol- 
erant electrolyte sheets of the invention offer much high- 
er resistance to mechanical failure under temperature 
cycling conditions ) particularly in an edge-supported 5 
electrolyte configuration, than do conventional corrugat- 
ed or other electrolyte sheet designs. > 



Description of the Drawings 

[0013] The invention may be further understoodby 
reference to the drawings; Wherein: . 

* Fig. 1 illustrates an electrolyte sheet incorporating 
' - a full-surface hexagonal indentation pattern in ac- 
cordance with the invention; v * 
Fig. 2 illustrates an electrolyte sheet incorporating 
a peripheral surface portion incorporating an inden- 

■ tation pattern in accordance with the invention; m 
Fig. 3 illustrates forming apparatus useful forthe! 
production -of electrolyte sheet such as shown- in; 
Figure 1; > - m 
Figs. 4a-4c illustrate examples : of mufti-directional 

' corrugation patterns outside the scopejof the irivenk 
' tion; and - ; : " ' * 1 ; ■ 

'-' Figs. 5a-5f illustrate examples' of multi-directianHi 
corrugation patterns imparting ( high effective strairr 

■ tolerance to 'flexible ceramic sheets provided fh'acc- 
cordance with the invention.- * : - 

Detailed Description . - vj 

[0014] In ail solid oxide fuel ceils, mamtaining good 
electrical contact between the interconnects and the, v 
electrodes is riecessary for good performance; Contacts 
problems often arise in stacked planartue! cell assem- 
blies, especiafly thbse incorporating relatively dense :. 1 
electrolyte/elect'rode/mahifdld structures \ as the result, 
of temperature gradients along the gas^low directions 1 :;- 
within the device that cause differential thermal strains ; 
to Warpandtvvistthestru'cture. 1 ; , t : 

[0015] ; One advantage of the use of flexible electro-:: 
lyte/electrode sheets in frame-supported designs is the 
ability to shape the edges of the sheets to improve edge 
sealing and reduce toss of contact problems. Advanta- 
geously, where electrolyte/electrode sheets with large, 
effective multi-axial strain tolerances are used, not only 
is the risk of mechanical failure and/or loss of electrical 
contact in the edge seals reduced, but also sheet resil-. 
ience in directions normal to the sheet plane is im- 
proved, significantly lowering the likelihood of sheet 
fracture and/or loss of electrical contact through struc- 
tural warpage. 

[001 6] The particular sh et indentation or multi-direc- 
tional corrugation pattern used to impart high multi-di- 
rectional effective strain tolerance to the sheet may be 
chosen according to the particular ne ds of the environ- 
ment within which the fuel cell elements are intended to 
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operate. Among the patterns that that. give the largest 
and most uniform effective strain tolerance in multiple 
directions are patterns such as such' as hexagons and 
Penrose tiles (quasi - periodic structures), T M shapes, 
Woven squares, bow ties, wiggly ; squares, flex rectan- 
gles (herringbone;pattems), and certain combinations 
of squares and octagons. 

[0017] Patterns thatiarej not usefuhto build the re- 
quired multidirectional strain tolerance are those that 
have straight corrugation ridges, or straight paths or ar- 
•easpf'completel^f latstoeet, runningin straight uninter- 
rupted lines from one. edge of the sheet to another 
Uninterrupted ridge orjlatlines in the sh ; §et surface de- 
fine axes of. very low strain tolerance \j\ thgpheet plane, 
j greatly increasmg the rjsk; of sheet or contact failure in 
the event that.signifear^ stresses aJongsuch axes arise 
- irrthexjourse .pf use ; Patterns of this type inqlude parallel 
corrugation patterns, and also many regular indentation 
v pattems:bas.Qd^n repeating triangles, squares and rec- 
tangles jf the indentations^ not appropriatedly stag- 
gered, to avoid linear ridges or flats, , 
[0018] J . ftgs. 4a-4c of the drawing illustrate multidirec- 
tional corrugation patterns that are not useful to provide 
strain-tolerant electrolyte sheets, in accordance with the 
invention. In those figures, the lines represent the ocrt- 
: lines or borders of $heet indentations pr protrusions hav- 
ing th^ shapes enclosed by.the lines. Ashared charac- 
teristic of ail: of thjese designs* is that substantially all of 
the lines correspond to/,flat. straight paths spanning the 
• entire widths (^lengths ofJhe : sheets, Accordingly the 
corrugation pattei-ns shown, although multi-directional 
i in nature, impart essentially^ no enhanced strain toler- 
ance ito the sheets-jn directions parallel to those span 

[0019] . Figs. 5a-$f of the drawing, on the other hand, 
illustrate multidirectional corrugation patterns that in- 
, crease the straintoterance of the sheet in every direction 
in the sheet plane/The indentation patterns represented 
by these line drawings are characterized by the com- 
plete absence of span lines corresponding to straight 
ridge or flat lines crossing the entire lengths or widths 
of the sheets. •■ , - 

[0020] Goncentric corrugations are appropriate for 
circular or near circular electrolyte sheet but are not as 
useful for rectangles and square shoets. Radial corru- 
gations that have straight ridge lines running from one 
edge of a square or rectangular sheet to the opposite 
edge of the sheet are not useful. Concentric corruga- 
tions can have curved ridge lines from one edge of a 
square or rectangular sheet to the adjacent edge of the 
sheet, Of course, completely a-periodic patterns, if free 
of straight ridge or flat lines, could also be used. 
[0021] While increasing the d pth of the selected in- 
d ntation patterns theoretically increas s the effective 
strain tolerance attainable in the sheets, overly deep in- 
dentations involving a high rate or sharpness of change 
in plane are generally avoided for a number of reasons- 
First, shallow corrugations are more compatible with 
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conventional electrode deposition methods such as 
screen printing, and additionally preserve a substantial- 
ly planar electrode/electrolyte shape that simplifies the 
design of associated fuel cell elements such as electri- 
cal contacts and current collectors. Secondly, deeper in- 
dentations can give rise to abrupt sheet curvatures that 
act as stress concentrators at higher sheet elongations. 
Thusthe theoretical strain jncreasesof deep indentation 
designs can be more than offset by reductions in sheet 
t fai,ure stres s arising from stress concentrations devel- 

oped in the sheets when under high strain. 
, [0022] Impressing the selected indentation patterns 
,.^ thin ceramic sheet can be accomplished in a number 
'of different ways: For example, sufficiently thin ceramic 
t / 'sheet materiallcan be reformed through a process of 
; 'superplastic deformation at high temperatures below 
.their melting temperatures. 

[0023] However, more effective and economic sheet 
patterning can be achieved according to the invention 
through the process of reshaping unfired green sheet at 
or near room temperature prior to sintering to an integral 
ceramic 'film. Binder formulations useful for the tape- 
casting of powdered ceramics are known that offer suf- 
: ficient plasticity and elongation to permit: easy room- 
' temperature pressing of many of the useful indentation 
patterns. Alternatively, green ceramic sheet formed by. 
: tape casting powder dispersjons or suspensions togeth- 
er with thin thermoplastic base films can be processed 
by any of the various embossing or vacuum reforming 
methods useful for surface patterning plastics, with the 
base film providing ahy needed additional support for 
the green ceramic sheet throughout the reforming proc- 



ess. 

[0024] The following illustrative' Example describes 
one^ low-temperature reforming 'method that may be 
used. * '• ' 

Example - Pr oduction of strain-tolerant ceramic sheet 

[0025] A green polymer-bonded ceramic powder 
sheet is made from a zirconia powder as follows. A ce- 
ramic slip is first prepared by combining a yttria-stabi- 
lized zirconia powder (TZ-3Y powder from the Tosoh 
Corporation, Japan) with a vehicle consisting of a mix- 
ture of ethanol, butanol, propylene glycol and water. 
1 0Og of the zirconia powder free of contaminants is add- 
ed to a previously prepared mixture of 36.4g of ethanol, 
8.8g of 1 -butanol, 2g of propylene glycol, 2.5gof distilled 
water, and 1g of a liquid dispersant (Emphos PS-21A 
dispersarit from the Witco Chemical Company). The re- 
sulting powder dispersion is transferred to a milling bot- 
tle and is vibration-milled for 72 hours using zirconia 
balls as the milling m dia. 

[0026] To remove coarse zirconia particles from the 
suspension and narrow the partbl size distribution in 
the final slip, the milled suspension is processed through 
a double settling process wherein it is first allowed to 
settle for 72 hours and the liquid then separated from 



the sediment by decantation. The resulting slip is then 
allowed to settle for anoth r 24 hours and separated 
from the sediment for final processing. 
[0027] The slip thus provided is next flocculated 
5 through the addition of an alcohoi-acetic acid mixture 
consisting of 50% of glacial acetic acid and 50% of iso- 
propyl alcohol by weight. This mixture is added to the 
slip in a proportion sufficient to.provide 1 part of acetic 
acid for each 1 00 parts by weight of ceramic powder re- 
's maining after settling, and the acidified slip is then shak- 
en to assure complete mixing. After the, addition of the 
flocculant, film-forming additives consisting of about 3.5 
parts by weight of a dibutyl pthalate liquid plasticizer and 
6 parts by weight of a polyvinyl butyral powder binder 
15 are added to the slip for each 100 parts by weight of 
zirconia powder remaining after settling, with gentle 
shaking after each addition to achieve thorough mixing. 
The resulting slip has a viscosity suitable for tape cast- 
ing. 

20 ..[0028] A flexible cohesive zirconia sheet is formed 
from this slip by casting- it onto a thin methyl cellulose 
release layer previously applied to a flat casting surface. 
. The release layer consists of a dried tape-cast methyl 
, . cellulose coating of about 0.0005 inch thickness formed 
? 5 ; from a 2% (wt.) aqueous solution of Dow K-75 Metho- 
, .eel® cellulose. The tape-cast layer, thus provided pro- 
. vides a flexible green ceramic sheet layer after the re- 
; moval of volatile slip vehicle components by drying. 
. . 10Q29] Afterthis flexible ceramicsheet layer has been 
so formed, a supporting acrylic polymer pverlayer is tape- 
, cast over thexeramic, sheet and dried This overlayer is 
. provided from an acrylate solution containing 71% of 
. . • ethyl acetate solvent to which 25% of polymethylmeth- 
acrylate powder and 3.5% of dibutyl pthalate (Aldrich 
& Chemical Company) have been added. The acrylate so- 
lution, is tape-cast and then dried to provide a flexible 
, r , : Rolymer.fi][m overcoating. This layer adheres well to the 
. underlying ceramic sheet, layer, providing a cohesive 
... composite sheet consisting of the ceramic sheet and 
40 acrylate overcoating. This cohesive composite sheet is 
easily separated from the cellulose release layer after 
all layers have been completely dried. 
[0030] To shape a strain-tolerant zirconia sheet from 
. the composite green ceramicsheet thus provided, a 
45 metal form with regularly spaced hexagonal cutouts is 
provided. This form consists of a metal grid about 0.6 
mm in thickness incorporating hexagonal cutouts in a 
close-packed array made up of offset rows of hexagons 
forming a honeycomb pattern, with a row-to-row center 
so spacing of 6.5 mm. The residual metal framework sur- 
rounding the cutouts provides separating ribs about 0.6 
mm in width and 0.6 mm in height between each hexa- 
gon and its six neighboring h xagons. Figs. 2-2a of th 
drawing illustrate a metal form of this design, wherein a 
55 plurality of hexagonal cutouts 1 2 are arranged in close- 
packed array within form 10. 

[0031] To form multi-dir ctional corrugated zirconia 
sheet the metal form thus provided is placed on a vac- 
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uum table and the table and form are preheated to about 
60°C: A section of the composite green ceramic sheet 
about 31 cm by 24cm in size made as above^ described 
is then placed over the form and an insulating section 
of polymer foam board is placed over the sheet and form 
to allow them to reach uniform temperature. The vacu- 
urn table is then activated for about ten seconds, follow- 
ing which the vacuum is released and the green ceramic 
sheet is removed from the form and inspected. 

' [0032] The miftVdirtfrtio'nally co'nrugated sheet result- . 
ing from this reforfriing Step is a regularly indented green 
ceramic sheet incorporating hexagonal' indentations 
separated from each" other by spacings' corresponding 
to the spacings between adjacent hexagonal cutouts in 
the m£tal honeycomb fomn. This green sheet is trimmed 

- to even rectangular shape with a rotary cloth cutter and; ' 
then sintered in air on a refractory setter in an electiid 
kiln operating at 1430°C for a period of two .hours. The , 
fully sintered sheet isthen removed from- trie kiln aniT' 

examined. , ' .., y 

[0033] Figs.1-1(a)ofthedrawing>resenta^chematic '\ 
top plan anda front elevational cross-sectional view, re- t 

< spectively, of a ceramic sheet 20 which has been fully 
sintered to set a hexagonal indentation pattern incorpo- 
rating a plurality of hexagonal /in dentation^ 
lished during reformihg of the green sh^ 
as above described: When made m accordance with tlii§ ' 
procedur&th^sihtered sheet Will be'of 2frc6nia-3 mole% ; 

1 yttria composition with a'thrckne^ of abo^io urn, sup-^ 

' porting an array -of hexago^ 0.15' 
mm in depth with : a row4o-row center spacing of aboiiit ? 

' 4.5 mm between the rows of the hexagons: the unusu- ' 
ally high muiti'dir'ebtbrial strain tolefanc^ bf this sheet \i' 
manifested by an easily discerned stretch of "give" in , 
the sheet'when manually stressed; in the aheet.planfe: 
The strain tolfefahce of the ffee-stahdlhg sheet is meas- 
ured to be in excess of l^withoufcracking^ 
[0034] Variations in- the' refornffihg^ ^ri^dure em- 
ployed to process green cerarhibirieet&^b'e used to- 
change the nature or exteht of the : indentation patterns 
developed ■ For example, using shdrt^rvacuum forming" 
times, e:g.; of 1 to 3 or 4 seconds in duration, give shaf- 
lower corrugations, while using a polyethylene sheet on 
top of the green ceramic sheet to increase vacuum re- 
tention, or using longer forming times, giv6 deeper 
(higher) corrugations. 

[0035] As previously noted, however, attempting to * 
address the problems of thermal stress through the use 
of widely spaced corrugations of excessive height or 
curvature, instead of shallow, closely spaced corruga- 
tions: limits strain tolerance and ultimate failure strength 
of the ceramic sheet. An illustrative example of this ef- 
fect is provided by the hypothetical cas of a bi-dir c- 
tionally corrugated yttria-stabilized zirconia (YSZ) sheet 
of about 40 micrometers thickness featuring a criss- 
crossing array of relatively large but abrupt corrugations 
or ridges. 

The corrugations would be offset 90 degrees from each 
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other at a ridge spacing of approximately. 1 cm, a ridge 
height of about 2 mm, and a ridge base width of about 
i mm/with a radius of curvature for the.ridge edges of 
0.4 mm. 

[0036] While the two-dimensional corrugations in this 
sheet would improve sheet strain tolerancejn multiple 
' directions in the sheet plane/ free-standing ceramic 
sheet of this type will surfer crack damage at strains well 
below useful levels. Such cracking failures will most of- 
ten occur at corrugation peak locations, due to the depth 
and' spacing oHhe corrugations employed and the con- 
centration of ^ stresses at corrugation ridges. 
[0037] For the "foregoing reasons, indentation pat- 
terns provided iVaccor^a^e with the Invention will have 
indentation axis !" the plane of 

"the sheet afle<K ade^ua^taperm theoretical sheet 
eldngatibrWof 1%> greater in all directions within the 
plane of the sheets Pesirably^for sintered zirconia- 
based ceramic "sbee^^the TOrTugatipn or other inden- 
' ! tatton patterns will. not incorporate curvature radii below 
''about 2mm or i OOx the thickness of the sheet. Further, 
' the corrugations or^ther indentations will preferably not 
exceed about 2mm in height as measured from the base 
plane of the; sheet/ . " ... . . . , 

^00^8] q A particular advantage of the invention is that 
' alterpi^ indentation specific ap- 

' ^^^oris tor strain-tolerant ceramic sheets may be de- 
wtop^d4o meef popular needs/Foj example, where 
: 'high flatness 'in selected sheet portions is required to 
" meet specjai electrical contact or electrode processing 
' requirements^ sheets ihedrpora'ting flat sections togeth- 
; er with sectionk jncorporating patterned indentations 
can be provided. 

[0039] Fig. 3 of the drawing illustrates one sheet de- 
: ' J 'sigrfof this .type jnebrporatihg a multi-directionally cor- 
' rugate : d or indented border portion 30 incorporating hex- 
agonal indentations 32 surrounding a rectangular flat 
central section 34. This design is particularly well adapt- 
; ed- for applications wherein the sheet is to be edge- 
mounted in a surrounding frame. For a mounting of this 
type the flat central section of the sheet is r isolated from 
undue stress in all directions in the sheet plane by the 
surrounding, highly strain tolerant indented border sec- 
tion. Further, the strain-tolerant edge portions facilitate 
edge mounting since gas-tight edge seals requiring larg- 
er sheet deformations can be accommodated with a 
lowerrisk ofsheet failure. 

[0040] The importance of high multi-directional strain 
tolerance in ceramic sheets intended for use as fuel cell 
electrolytes can be better appreciated from a consider- 
ation of the damaging effects of thermal stress on th 
components of fuel cells, especially fuel cells that are 
subjected to frequent th rmal cycling. One fu I cell de- 
sign to be considered incorporates a yttria-stabilized zir- 
conia lectrolyte sheet mounted in a relatively massiv 
surrounding frame that functions as a sheet separator 
and enclosure for fuel r oxidant gas s to be supplied 
to the sheet. Such frames will be of much higher thermal 



EP1 113 518 A1 



10 



1. 



25 



mass than the electrolyte sheet and its supported elec- . Claims 
trode layers. 

[0041] In some designs the electrolyte/electrode 
sheets will be mounted in thes frames so that they will 
be substantially unstressed at fuel cell operating tern- 5 
peratures. If a fuel cell operating temperature of 800C 
is specified and the cell is turned off, the electrpde/elec- . . 2 
trolyte sheet will cool to ambient temperatures much ' 
more rapidly than the frame. In fact, it can be determined 
from the known thermal expansion coefficient of yttria- 10 
stabilized zirconia (1 1 0 x WC) that a strain as high 3. 
as 0.9% can be developed in an electrolyte/electrode 
sheet mounted in such a frame at the point of maximum 
sheet/frame temperature differential during the cooling 
process. This strain can readily be accommodated by is 
the strain-tolerant electrolyte sheets of the invention. 
[0042] Other corrugation or indentation designs that 
are free of straight ridge or flat lines and thus provide 
high strain tolerance in accordance with the invention 
are illustrated by line representations in Figs. 5b-5f of 20 
the drawing. In each of these drawings the lines indicate 
the outlines of the selected indentations, and straight 4. 
lines traversing the entire indentation pattern are entire- 
ly absent. 

[0043] The imprinting of green ceramic sheets with 
any of these various indentation patterns can readily be 
carried out in a continuous process, and can be accom- 5. 
plished at any one of a number of different points in the 
sheet forming process ranging from the time the green 
ceramic sheet is first cast to the point at which the dried so 
green sheet is ready for sintering. Further, any of the 6. 
various indentation patterns having the required shape 
and frequency characteristics may be used in combina- 
tion with sheet configurations other than strictly planar 
configurations, including tubular or dome configura- 35 
tions : to increase multi-axial strain tolerance in tubular 
or other non-planar fuel cell designs. 
[0044] For some applications, anisotropic corrugation 
patterns may be useful to impart anisotropic strain tol- 8. 
erance and stiffness to the sheet. Depending upon the 
particularthermal and mechanical environment in which 
the ceramic sheet is to be used, higher strain tolerance 
in one direction than another may be required. One ex- 
ample of such an environment would be a fuel cell de- 
sign wherein steeper thermal gradients are, expected 
along one axis than along other axes, due to irregular 
gas flow patterns across the electrolyte. The use of dif- 
ferent indentation patterns at different locations on a sin- 
gle sheet may also be useful to compensate for uneven 
temperature distributions within the cell. These and nu- so 
merous other modifications of the products, materials, 
processes and apparatus hereinabove described wiil be 
resorted to by those skilled in th art within the scop of 
the appended claims. 



A flexible ceramic sheet having a surface indenta- 
tion pattern providing a strain tolerance not less 
than 0.5% in any direction in the sheet plane. 

A flexible ceramic sheet in accordance with claim 1 
having a strain tolerance.of at least 1% in all direc- 
tions in the sheet plane. 

A flexible ceramic sheet having at least one surface 
portion incorporating an array of surface indenta- 
tions wherein: 

(a) the indentations are positioned to remove 
all straight ridge or flat lines from the surface 
portion; and 

(b) the packing density of the array is sufficient 
to impart a theoretical strain tolerance of at 
least about 1% to the surface portion. 

A flexible ceramic sheet in accordance with claim 3 
wherein the surface indentations impose curvature 
radii of not less than 2mm in the surface of the 
sheet. 

A flexible ceramic sheet in accordance with claim 3 
wherein the surface indentations do not exceed 2 
mm in height. 

A flexible ceramic sheet in accordance with claim 5 
wherein the surface indentations are of hexagonal, 
circular, or Penrose tile shape. 



7. A flexible ceramic sheet in accordance with claim 1 
having a composition consisting predominantly of 



zirconia. 
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A method of making a strain-tolerant flexible ceram- 
ic sheet comprising the steps of: 

forming a flexible green ceramic sheet compris- 
ing a ceramic powder and a thermoplastic or- 
ganic binder; 

heating at least a portion of the green sheet to 
soften the binder and provide a heat-softened 
sheet; 

reshaping the heat-softened sheet to provide a 
corrugated sheet having an array of sheet in- 
dentations forming a multi-directional surface 
corrugation over at least a portion of the sheet, 
and 

firingthe corrugated sheettoremov the bind r 
and sinter the ceramic powder to a flexible c - 
ramie sheet incorporating mufti-directional sur- 
fac corrugation. 



9. A solid oxide fuel cell module comprising: 



* 
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(a) a flexible ceramic electrolyte sheet having 
a surface indentation pattern providing a strain 
tolerance not lesslhan 0.5% in any direction in* 
the sheet plane; 

(b) a cathode layer disposed on a first side* of 5 
the electrolyte sheet; and 

(c) an anode layer disposed on a second side; ' 

of the electrolyte sheet. fi * 
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Fig. 3 




Fig. 4 



EP1 113 518 A1 




Fig. 5 



EP 1 113 518 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 00 12 3637 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation ol document with indication, where appropriate, 
of relevant passages 



US 5 273 837 A (AITKEN BRUCE 6 ET At) 

28 December J1993 ( 1993-12-23) 

*^ claims l-T/4 * \ / 

US E 409 371 A < GORDON ARNOLD Z) 
25- April 1995 (1995-04-25) 

* claims 1-5 * 

WO 92 00934 A (IGR ETS INC) 
23 January 1992 (1992-01-23) 

* claims: 1-26 * 

US 5 069 987 A (GORDON ARNOLD Z) ! - 
3' December 1991 (1991-12-03) [ 

* claims -1-11 * 



Relevant 
to ctajm 



1-9 "/ 



1-9' 



1-9 



1-9 



CLASSIFICATION OF THE 
APPLICATION (lnt.CI.7) 



H01M8/12 
C04B35/486 



TECHNICAL FIELDS 
SEARCHED (lntCI.7) 

HOlfl . _ 

CG4fe 



The present search report has been drawn up for all claims 

" ; Dae cJ ccrr&eion o* tho saarcn 



Mlaea ot ww'-h 

THE HAGUE 



16 March 2001 



fc* amine 

Batt1st1g, M 



S 

u 

O 



CATEGORY OF CITED DOCUMENTS 

X • Darticularty relevant ti taken atone 

Y ' partinitarty relevant if combined with another 

documenl of the same category 
A : technological background 
O ; non-written disclosure 
P : intermediate document 



T . theory or principle underlying the invention 
E : earner patent documenl, but published on, or 

after the fiftng dale 
D : document cited in the apphcauon 
L : documenl cited lor other reason* 



i" ""member ot the same patent family, correspond tng 
documenl 



EP1 113 518 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPUCATION NO. 



EP 00 12 3637 



WSS^fS^ *- * - *~en to nec European sear.-, report. 

The European Paten, Ofhce ,s in no way liable for these partes which are merely given tor me purpose o. Mbrmeton. 

16-03-2001 



Patent document 
cited in search report 



Publication 
. date 



US 5273837 



28-12-1993 



US 5409371 



25-04-1995 



WO, 9200934 



:23-01-1992 



US 5069987 



03-12-1991, 



Patent family 
memberts) 



Publication 
date 



DE 
DE 
EP 
JPi 



69317377 D 
69317377 T 
0603620 A 
6223848 A 



US 
AT 
AU 
DE 
DE 
EP 
ES 
W0 



5332483 
165320 
. 8530091 
69129305 
69129305 
0566572 
2118088 
9200934 



US 
AT 
,AU 
'DE 
DE 
EP 
ES 
US 
US' 



: .5069987 
165320 
8530091 
69129305 
69129305 
0566572 
2118088 
5409371 
5332483 



•AT 
AU 
DE 

''DE- 
EP 
ES 

,-.W0 



165320 
8530091 
69129305 
•651129305 
0566572 
• 2118088 
9200934 



16-04-1998 
23-07-1998 
29-06-1994 
12-08-1994 

26- 07-1994 

15- 05-1998 
04-02-1992 
28-05-1998 
19-11-1998 

27- 10-1993 

16- 09-1998 
23-01-1992 



03- 12- 

15- 05- 

04- 02- 
28-05- 
19-11- 
27-10- 

16- 09- 

25- 04- 

26- 07- 



-1991 
1998 
■1992 
•1998 
1998 
1993 
1998 
1995 
1994 



15- 05-1998 
04-02-1992 
28-05-1998 
19-11-1998 
27-10-1993 

16- 09-1998 
23-01-1992 



For more details about this annex : see Official Journal ol the European Patent Office, No. 12/82 



